Introduction
The advent of perovskite solar cells has lead to the fastest rise in performance in the history of photovoltaics, with the highest certified power conversion efficiency for single junction devices recently topping 22%. 1 The combination of low material cost, solution processability and high efficiency confers perovskites the status of a highly promising source of sustainable energy with very low energy payback time. 2 Conversely, during the last decades a worldwide cumulative effort has brought silicon solar technology to approach its theoretical efficiency limits. [3] [4] [5] On that account, the tandem integration of these two solar technologies has been envisioned as an approach to potentially boost the efficiency of silicon, with the minor complication of installing a parallel production line for a solution processed perovskite-based technology. [6] [7] [8] [9] As such, recent theoretical simulations proposed that 4-and 2-terminal configurations could comfortably exceed the Schockley-Queisser efficiency limit. Although those findings clearly demonstrate an interesting direction for the perovskite-silicon multijunction technology, the wholesome optimization of the optical and electrical losses including electrodes and buffer layers is not finished. 10 Using a more realistic approach, Filipič et al. 11 conducted optical simulations utilizing 4-terminal geometries including different levels of optical losses. The latter characterization based simulations forecasted 4-and 2-terminal silicon-perovskite tandem architectures well exceeding 30% efficiencies. This estimation pushed the interest of the community even further showing significant lel). A particularly promising experimental result has shown 4-terminal imputed conversion efficiencies of up to 26.4% by combining 16.0% efficient perovskite solar cells with a 23.9% efficient silicon cell. 12 The latter example, however, along with the majority of reports fell short of demonstrating one of the most relevant advantages of perovskite technologies: complete solution processability (see Fig. S1 ). Usually, vacuum processed top-electrodes (e.g. ITO) [12] [13] [14] and energy-intensive deposition techniques (e.g. sputtering) 7, 8, 12, 15, 16 are utilized to achieve high transparency and performance, thereby compromising part of the cost benefit of the solution-processed absorber layer. Engineered designs that provide improved light management and more functional elements deposited by inexpensive scalable techniques are necessary milestones on the roadmap for realizing industrially relevant protocols.
With respect to semi-transparent electrodes, different strategies have been reported for improving their optical transmittance attributes. These strategies often range from innovative semitransparent nanostructured conductive layers to highly transparent conductive composites incorporating [17] [18] [19] [20] [21] Despite the large research attention, nurtured by the vision of semitransparent photovoltaics as part of urban infrastructures, there is only little information on the optical losses for both illumination directions. 22, 23 In this work, we study the opto-electrical effects of nanostructured transparent electrodes on the device performance of single-junction perovskite solar cells when measured from both directions. In this way, the opto-electric properties of the electrode can be tailored according to the application and transmittance requirements. Among various solution processable electrodes, silver nanowires (AgNWs) excel with a trade-off between transmittance and sheet resistance that approaches the values of sputtered ITO. 24, 25 In previous reports, we developed a protocol for obtaining semitransparent devices with similar shelf lifetimes than their counterparts with evaporated silver as electrode. 26, 27 Here, utilizing a similar fabrication method, we carry out an indepth analysis of the energy losses of perovskite devices with spray coated AgNW electrodes of varied conductivities. We identify optimum performance conditions for AgNW electrodes close to their percolation threshold. We further minimize parasitic absorption typically originating from the hole-transporting layer using copper (I) thiocyanate as the contact of choice. CuSCN has been reported as a PEDOT:PSS replacement for the fabrication of transistors 28 and organic photovoltaics, 29 but solution processing so far suffered from low solubility. The utilization of CuSCN as HTL underneath the perovskite absorber layer is more challenging as one of the most crucial requirements for growing perovskite is an ideal morphology of the template layer. The utilization of electro-deposited CuSCN as HTL led to efficiencies up to 16.6% 30 and only very tandem devices utilizing two different high performing silicon-based solar cell structures.
Results and discussion

Characterization of the electrodes and their effects on the device performance
To evaluate our nanostructured metal nanowires electrodes we deposited various films via spray coating on glass and on ZnO-nanoparticle coated glass substrates. The latter is important because it features the surface used in our most common device architecture (see Fig. S2-c Fig. S2 . Following the percolation model, 33 33 as the nanowire density increases, two different regimes can be recognized. The percolation threshold is the onset of finite conductivity once a continuous path of connections between single wires has been established across the whole electrode. When the density of connecting links within the nanostructured material increases to a value larger than the percolation threshold, we can observe a parallel rise in conductivity. Subsequently, when the nanowire density increases further to a value greater than a critical thickness, t min , the optoelectrical properties of the film start to deviate from the percolation behavior. At this point, the overall optical transmittance of the film drops rapidly while the sheet resistance decreases only slightly. In Fig. 2-a we fitted the behavior of the transmittance at 500 nm as a function of sheet resistance using the equations described by the percolation model (see description in supplementary information). As it can be seen from Fig. 2-a, Fig. 2-b . The full set of photovoltaic parameters can be found in the supplemental information (see Table S1 ). In order to provide a better understanding of the electrode related losses it is necessary to analyse the interplay between the spectrally resolved incident photon to current efficiency (external quantum efficiency, EQE) and the optoelectrical properties of the AgNW electrode. To this end, we recorded the device's EQE under both illumination directions (Fig. S3) . The EQE corresponding to the opaque cell with an evaporated Ag electrode shows a well-defined signature structure corresponding to the Beer-Lambert and optical cavity spectral regime, characteristic for this particular architecture with an active layer thickness of 250 nm. 26, 35 Not surprisingly, for the semitransparent solar cells using AgNW electrodes with the lowest sheet resistance (2 ohms sq -1 ), the spectrally resolved EQE is similar to the opaque device with evaporated silver when illuminated from the substrate side ( Fig. 2-c and Fig. S3 ). Regardless of the illumination condition, electrodes with higher sheet resistance leads to a distinct overall EQE loss. For the AgNW illumination condition, these EQE losses are mostly dominated by parasitic light absorption in the nanowire electrode. This optical attenuation then governs the EQEs spectral response for AgNW electrodes with sheet resistance
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in the bulk regime (grey box in Fig. S3 described by solid-black line). When going from the bulk to the percolation regime, the series resistance of the electrode increasingly dominates the nature of the performance losses for both illumination conditions (see Table S1 ). Nevertheless, the electrode's parasitic light attenuation affected the performance less significantly in the AgNW illumination condition until it becomes negligible. In the extreme case of electrodes with conductivities as low as 50 ohm sq -1 the series resistance losses not only affects the photocurrent generation at short circuit conditions but also begin to govern the fill factor and the injection regime ( Fig. 2-c ).
Rationalizing the electrode-related optical and electrical loss mechanisms allows the selection of the best configuration for a specific application. Particularly, our detailed analysis shows that for higher conducting electrodes, optical losses dominate while electrical losses are almost negligible. However, this slowly changes for lower conductivity electrodes (see 
Semitransparent perovskite solar cell with reduced wide-band gap parasitic absorption and reflection losses
For the perovskite-based semitransparent devices, the selection of the charge extraction material is of equally crucial importance as the electrode optimization. 36 In order to minimize the parasitic eV (E VB = 5.3 eV and E CB = 1.5 eV; VB = valence band, CB = conduction band) (see Fig. S4 ), 37, 38 and good thermal and chemical stability 28, 39 . Subsequently, CuSCN was utilized as hole transporting layer on top of the perovskite semiconductor showing efficiencies of up to 16%. 14 Accordingly, we selected CuSCN as underlying HTL because of its low parasitic optical absorption and a diffractive index approaching perovskite values in the IR regime. ZnO:Al was selected to properly decouple the AgNW from the iodine containing perovskite. As a reference, we fabricated devices with PEDOT:PSS and benchmarked them with our CuSCN HTL. In order to further minimize the parasitic absorption typically introduced by the glass-ITO (~15 ohms sq -1 ) substrate
we utilized a commercially available infrared-tuned transparent metal oxide contact (~20 ohms sq -1 ) deposited on UV-fused silica. The fused silica substrate presents superior optical properties
showing an average ITO/air corrected total transmittance in the vicinity of 90% for both range 300 nm to 800 nm and 800 to 1100 nm (see Fig. S5-a and Fig. S5-b) . The devices presented almost identical performance for both the fused silica and the glass substrates with a moderate increase in current density generation (see Fig. S5-c and Fig. S5-d) . Except for the HTL, both architectures were prepared using same fabrication steps. The AgNW electrodes were deposited utilizing the same optimization criteria for reducing optical losses on the perovskite semitrans-
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parent single junction as mentioned above. Typical J-V curves are shown in Fig. 3 -a for the opaque as well as for the semitransparent configuration and the key metrics for best performing devices is summarized in Table 1 . The efficiency for the best performing device on both the opaque and the semitransparent configuration was determined to be 20.1% and 17.1%, respectively, with CuSCN as HTL. CuSCN-based devices show high reproducibility (Fig. 3-c) , negligible hysteresis (Fig. S6-a) and outstanding shelf-lifetimes exceeding 3600 hours under nitrogen atmosphere and without encapsulation (Fig. S6-b) . In order to validate the short circuit photocurrent (J SC ) extracted by the J-V characterizations, we recorded EQE spectra ( Fig. 3-b) showing Independent theoretical studies realized by D.T. Grant, et al. 36 and S. Albrecht, et al. 41 showed that the largest loss mechanism for tandem perovskite/silicon solar cell is reflection. The largest part of this loss is then distributed into the interfaces corresponding to the selective contact and the absorber layer for both, the perovskite subcell and the silicon one (see Fig. 2-b) . 36 Analogously, for the interface ITO/HTL/Perovskite the selection of an HTL with relatively high refractive index and low extinction coefficient will reduce Fresnel reflection and parasitic absorption (see Fig. S7-a and Fig. S7-b) . In the same framework, we recorded the total reflectance and corresponding total transmittance of our two systems; CuSCN-based and PEDOT:PSS-based semitransparent devices (see Fig. S7-c) Fig S13) .
In order to decouple the influence of the extinction coefficient from the Fresnel reflection losses, we compared our CuSCN-based devices with devices using the widely utilized poly[bis(4-phenyl)(2,5,6-trimethylphenyl)amine] (PTAA). 12, 15, 42, 43 PTAA has a similar extinction coefficient than CuSCN only with a lower refractive index distribution (see Fig. S7-a) . When comparing the full device transmittance of identically fabricated devices using PTAA (81.1% AVT; 800 nm to 1100 nm) and the CuSCN as HTL we observe, again, a clear superiority of the latter in the IR transmittance. Moreover, by extracting the reflection and transmission difference, it becomes apparent that CuSCN affords and improved optical coupling than PTAA by reducing the overall device reflection (lower panel in Fig. S7-d) . To better understand the absorption and reflection
losses of the individual architectures we simulated in the following the optical response of different equivalent layer stacks by the Transfer Matrix Formalism (TMF) using various holetransporting layers (Fig. 3-d to Fig. 3-f) . TMF properly accounts for absorption, constructive and destructive optical interactions as well as reflection losses from all interfaces in the absence of strong scattering. We utilized the layer stack sequence reported above only exchanging the HTL with some state of the art selective contacts, including NiO 14 PEDOT:PSS 44, 45 and PTAA 12, 42, 43 .
We then calculated the IR average transmission (Fig. 3-d ) and average reflection (Fig. 3-e Following the same methodology, we performed subsequent simulations with fixed HTL thicknesses and varying the perovskite layer in width (Fig. 3-f) . The thicknesses of the HTL layers were 10 nm, 20 nm, 30 nm and 60 nm for CuSCN, NiO 14 , PTAA 12, 42, 43 and PEDOT:PSS 44, 45 , respectively. The latter shows an oscillating average transmittance response most likely due to a cumulated resonating optical interference effect in the multi-layer structure. Within this oscillation, the CuSCN-based architectures predominantly outperformed its counterparts showing higher average transmittance in the 800 nm to 1100 nm range (Fig. 3-f) at a reduced average reflectance for the same range ( Fig. S8-a) . This assertion remains true when fixing the thicknesses of all the HTLs to the same value (Fig. S8-b and Fig. S8-c) .
4-terminal perovskite/silicon tandem measurements utilizing semitransparent device with highly IR-transparent HTL and electrode
The reduced parasitic absorption and minimized reflection losses in the ITO/CuSCN/perovskite layer stack, along with the correct selection and optimization of the electrode are of strategic relevance for the design of 4-terminal tandem architectures. As can be seen in Fig. S9 , the ~16 ohms sq -1 electrode reduces the transmission by a spectrally flat 10%, approximately. This drop is in agreement with the total transmittance of pure AgNW layer alone after corrected from the glass contribution, which we determined with 88% total transmittance over the full spectral regime (see Fig. S10 ). Consecutively, we measured a series of silicon cells under light filtered with a perovskite full device (a schematic diagram of the measurement can be found in Fig. 4-c to Fig. 4-e) . Particularly, we utilized passivated emitter with real locally diffuse silicon cells (Si-PERL) and interdigitated back contact silicon cells (Si-IBC) with an area of 1 cm 2 . The fabrication method of our silicon devices is described in detailed elsewhere. 46, 47 The performance of the silicon cell was evaluated with J-V and EQE measurements and the results are summarized and in Table 1 . For the 4-terminal tandem evaluation, the characterization was carried out independently for each sub-cell. The reduced light intensity over the silicon solar cell translated into a mild reduction in V oc along with an increase in FF. The later is attributed to a reduced effect on the series resistance under low illumination conditions. The resulting EQE spectra for CuSCNbased 4-terminal tandem cells are shown in Fig. 5-b for the PERL-perovskite and in Fig. 5-d for the IBC-perovskite configuration (for the PEDOT:PSS-based 4T measurements see Fig. S11 ).
Photocurrent density extracted from EQE measurements of the silicon PERL cell is 17.7 mA cm -2 when it is filtered by a CuSCN-based semitransparent device or 16.0 mA cm -2 when it is fil- Photocurrent density extracted from EQE measurements of the silicon IBC cell is 17.0 mA cm -2 when it is filtered by a CuSCN-based semitransparent device or 15.2 mA cm -2 when it is filtered by a PEDOT:PSS-based semitransparent device. We further observed the power output over time of our semitransparent devices with a silicon cell underneath in order to confirm the efficiency (Fig. S12) . The total added efficiencies of the 4-terminal perovskite-silicon tandems were 26.7% of our AgNW electrodes under various conditions including: light soaking under solar spectral irradiance, damp heat (85ºC -85% R.H.) and dark shelf storage in air ( Fig. S14 and Fig. S15 ).
Our electrodes show a very robust behavior with little to no degradation even when exposed to the harshest environments for more than 800 hours (for more details on the stability assessment of the electrode refer to the SI). 
